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A time resolved analysis of the emission of HiPIMS plasmas reveals inhomogeneities in the form of
rotating spokes. The shape of these spokes is very characteristic depending on the target material.
The localized enhanced light emission has been correlated with the ion production. Based on these
data, the peculiar shape of the emission profiles can be explained by the localized generation of
secondary electrons, resulting in an energetic electron pressure exceeding the magnetic pressure.
This general picture is able to explain the observed emission profile for different target materials
including gas rarefaction and second ionization potential of the sputtered elements.
Recently we have reported on HiPIMS discharges ex-
hibiting spokes as localized light emission rotating in the
E×B direction with angular frequencies in the range of
a 100 kHz with different mode numbers and with transi-
tion from stochastic to periodic behaviour depending on
the discharge parameters [1], [2]. Kozyrev et al. [3] and
Anders et al.[4] have independently observed the same
phenomena. Kozyrev et al. explained the inhomogeneity
of the discharge as an effect of a high density ion current
driven along the Eφeφ × B drift direction generated by
an azimuthal electric field Eφ [3]. The azimuthal electric
field was attributed to the azimuthal modulation in the
plasma density. Anders et al. presented a model where
the spoke is an ionization zone where electrons are decel-
erated due to the interaction with charged particles [4],
[5]. The model predicts the existence of an azimuthal
electric field due to a reduced electron azimuthal veloc-
ity. Similarly to Kozyrev’s model, the charged particles
are removed from the target due to the Eφeφ ×B drift.
Brenning et al. [6], [7] offered a physical model to de-
scribe the spoke based on the Alfvens critical ionization
velocity (CIV). The ionization within the structure cre-
ates an electric field as a result of a charge separation
based on the CIV theory. The model postulates a modi-
fied two stream instability accelerating the electrons to-
wards the target and generating a drift opposite to the
E×B direction, therefore explaining the rotation speed
being one order of magnitude lower then E × B speed.
These phenomenological models can explain the observed
lower than E×B speed of the spokes and the transport
of charged particles in the Eφeφ×B direction. However,
these models do not explain the different shapes of the
spokes depending on the target material [1][4], and the
appearance of the “jets” reported by Ni et al. [8].
Here, we measure the locally emitted light and electron
and ion saturation current indicating localization of the
ionization processes and thereby also of the discharge cur-
rent. A localized discharge current leads to a localized
Ar gas rarefaction, which is responsible for the observed
emission shape, and a high density of energetic secondary
electrons. The experimental setup consists of a double
flat probe (2FP) and a photomultiplier tube (PMT) with
2 apertures, as shown in Figure 1. The double flat probe
consists of two flat concentric surfaces, one rectangular
with a surface of 0.5 cm2 and a surrounding one with
surface of 1 cm2. The inner surface was biased, either
to +30 V or to -30 V, to measure the electron or ion
saturation current, respectively. The outer surface of the
2FP was not biased, and therefore the floating potential
was measured. The probe was mounted at 10 mm from
the racetrack, see Figure 1. To correlate the light emit-
ted from the racetrack and the electric signal measured
at the 2FP, the light emitted from the racetrack, clos-
est to the 2FP, was collected using two apertures and
photomultiplier tube (PMT). Fast ICCD camera mea-
surements facing the target, with acquisition time of 100
ns was used, as described in [1].
Figure 2 shows fast ICCD camera shots of discharge
FIG. 1. Experimental setup showing position of the dou-
ble flat probe (2FP) and photomultiplier tube (PMT) with 2
apertures
with Ti (13.6 eV), Nb (14.0 eV), Cr (16.5 eV) and Al
(18.8 eV) targets. The values in the brackets correspond
to the second ionization potential of the element. The
2results show that for elements having lower ionization
potential than the first Ar ionization potential (15.8 eV),
such as Ti and Nb, the emission shape of the spoke is
elongated and diffuse. While for elements having higher
ionization potential than Ar, such as Cr and Al, the emis-
sion shape of the spoke is triangular with a sharp edge.
The emission profiles from discharges with Mo (16.2 eV)
and Cu (20.3 eV) (not shown here), exhibit also a trian-
gular shape with a sharp edge.
Figure 3 and 4 presents the comparison between the
FIG. 2. Light emission of the plasma for different discharge
with a) Ti (13.6 eV), b) Nb (14.0 eV), c) Cr (16.5 eV) and d)
Al (18.8 eV) target. The values in the brackets are the second
ionisation potential
light signal (top), ion saturation current (middle) and
floating potential (bottom) oscillations for the discharge
with Al and Ti target, respectively.
Al target : The light signal of the discharge with Al tar-
get exhibits a peak intensity followed by a sharp drop
(Figure 3) of intensity that corresponds to the triangu-
lar shape emission profile shown in Figure 2d. Results
presented in Figure 3 show a simultaneous increase in
the optical emission, in the ion saturation current, and a
drop in the floating potential. When applying a positive
bias it was observed that peaks of the electron current
correspond in time and shape to the occurrence of the
peaks in the floating potential. Therefore, a drop in the
floating potential can be interpreted as an increase in the
electron flux. The signal of ions and electrons at the po-
sition of the 2FP provides twofold information. First,
that the high plasma emission region can be identified as
the ionization zone, being suggested by Anders et al. [4];
second, that the charged particles diffuse across the mag-
netic field lines reaching the 2FP, indicating strong cross
field transport of electrons and ions, sometimes referred
to as anomalous diffusion [9]. The oscillations presented
in Figure 3 have typical profiles of elements with second
ionization potential higher than Ar, such as Al.
Ti target : The emission profile for a Ti target shows
a diffuse shape without any sharp drop in intensity, as
shown in Figure 4 and Figure 2a. Even though the
plasma emission differs, it is possible to recognize the
localized production of energetic electrons. As in Figure
3, the drop in floating potential is closely followed by an
increase in ion saturation current and plasma emission.
However, instead of a sharp drop in ion saturation cur-
rent and plasma emission the ion current remains high
for a certain time and the plasma emission exhibits a
smooth decay. We postulate that this different shape is
dominated by the different dynamics of the generation of
secondary electrons. The oscillations presented in Figure
4 have typical profiles for elements with second ionization
FIG. 3. Time comparison of the light signal (top), ion satu-
ration current (middle) and floating potential (bottom) oscil-
lations for discharge with Al target
potential lower than Ar, such as Ti.
The results indicate that two predominant phenomena
FIG. 4. Time comparison of the light signal (top), ion satu-
ration current (middle) and floating potential (bottom) oscil-
lations for discharge with Ti target
are taking place: anomalous transport of energetic elec-
trons, and different shapes of the plasma emission for
different materials.
I. ANOMALOUS ELECTRON TRANSPORT
In the ionization region of conventional magnetrons the
electron pressure is negligibly small compared to the con-
fining magnetic pressure. Under the extreme conditions
of a HiPIMS discharge, however, this may not be the case.
We calculate the pressure of the highly energetic (or
hot) electrons localized in the spoke and argue that
they possess enough free energy to trigger an anoma-
lous diffusion process. To that end, we construct an
effective kinetic equation for the spoke-averaged hot
3electron distribution function F (ε, t). The spoke vol-
ume is V = AH , where A is the area (seen from
the top), and H is the height (seen from the side).
Further dynamic quantities are the cold electron den-
sity ncolde , with temperature Te, and the ion density ni.
Quasineutrality holds and reads
∫ eUd
εmin
F (ε) dε+ ncolde = ni. (1)
We assume that the hot electrons enter the spoke re-
gion with energy eUd at a rate γΓi. Here, γ is
the secondary electron emission coefficient and Γi =
niuB = niH/τi is the ion flux that reaches the target
with the characteristic Bohm velocity uB =
√
Te/mi.
Moreover, we have introduced the ion lifetime τi =
H/uB. Confined by the magnetic field and the tar-
get potential, the electrons undergo a bouncing mo-
tion until they have lost all their energy by interaction
with the gas and metal neutrals (and emerge as cold),
or until they have diffused out of the ionization region.
With respect to the ionization channel, we as-
sume that the newly generated electrons are cold,
and introduce an effective collision frequency νion
and an effective ionization energy Ec, i.e. the
frequency at which electron-ion pairs are gener-
ated, and the average dissipated energy respectively.
For argon, Ec ≈ 25 eV at high electron energies [10].
We set νion = eUd/(Ecτv), where τv is the av-
erage lifetime of the hot electrons with respect to
the volume losses, i.e. inelastic collision processes.
For the diffusion losses, we define a loss frequency 1/τd.
These considerations allow us to formulate the kinetic
equation for the hot electrons as
∂F
∂t
=
eUd
τv
∂F
∂ε
−
1
τd
F. (2)
The boundary condition at ε = eUd expresses the as-
sumption that the total influx γΓiA of hot electrons is
distributed over the spoke volume V :
F (eUd) =
γΓiA
EcνionV
= γ
τv
τi
ni
eUd
. (3)
The balance equation for the ions accounts for volume
generation by ionization and surface losses by diffusion
to the wall,
∂ni
∂t
=
1
τv
eUd
Ec
∫ eUd
εmin
F (ε) dε−
1
τi
ni, (4)
where εmin is the minimal hot electron energy, i.e. about
10% eUd.
Thus, we obtain a set of coupled differential equations,
governed by the three time constants τi, τv, and τd.
The system can be reduced by observing that the
PDE (2) is solved by any function of the type
g(t/τv + ε/(eUd)) · exp(τvε/(eτdUd)); the boundary con-
dition (3) then gives the distribution
F (ε, t)=
τv
τi
γ
eUd
exp
(
τv(ε− eUd)
τdeUd
)
ni
(
t+
τvε
eUd
− τv
)
. (5)
Inserting this into the ion balance equation (4) yields a
single integro-differential equation for the ion density
τi
∂ni
∂t
= γ
eUd
Ec
∫ 1
0
exp
(
−η
τv
τd
)
ni (t− η τv) dη−ni(t). (6)
This equation is linear and homogeneous, and its most
natural solution is an exponential. Employing the ansatz
ni(t) = nˆ exp (t/τ) and defining the effective multi-
plication factor m = γeUd/Ec, we obtain a nonlinear
equation for the time constant τ :
1−m
1− exp (− (τv/τ + τv/τd))
τv/τ + τv/τd
+
τi
τ
= 0. (7)
Figure 3 shows that the ion current exhibits an expo-
nential growth before the occurrence of a pronounced
electron transport, and a steady state as the anomalous
transport occurs. We examine the case before the occur-
rence of the anomalous transport, setting the diffusion
constant τd −→∞, and the steady state case for the ion
density, setting τ −→∞. In the latter case, the diffusion
term (or hot electron transport) is taken into account.
Setting H = 1 cm, γ = 0.1, Te = 5 eV and Ud = 500
V, we estimate the volume loss constant to be τv = 1µs,
and the ion time constant to be τi = 0.3µs.
During the early phase, when no hot electron diffusion
takes place, we indeed obtain a fast exponential growth,
with τ ≈ 1.8µs.
During the second phase we obtain a diffusion loss con-
stant τd ≈ 0.6µs, representing the time scale for locally
generated hot electrons to diffuse out of the closed mag-
netic field region, which corresponds the time scale of the
jet reported by Ni et al. [8]. The calculated density of
hot electrons is nhote ≈ 0.36 ni, and the average energy of
hot electrons calculated as
〈εhot〉 =
1
nhote
∫ eUd
εmin
F ε dε (8)
results 〈εhot〉 ≈ 200 eV. Therefore, in order to esti-
mate the hot electrons pressure, it is necessary to es-
timate the ion density. We set A = 1 cm2, Id = 100
A, and we assume that half of the discharge current is
driven through the spoke. Given the two-species na-
ture of the sheath in this late phase, the Bohm velocity
is defined by employing the average energy of the hot
electrons. Under these assumptions, the ion density re-
sults ni = Id/
(
2eA
√
(2/3) 〈εhot〉/mi
)
≈ 1.75 · 1020 m−3,
which is a reasonable value at this gas pressure.
Finally, the hot electron pressure can be estimated as
phot = nhote (2/3) 〈ε
hot〉 ≈ 1.34 kPa. On the other hand,
the average magnetic pressure in the ionization region,
with B ≈ 50 mT, results pB = B
2/(2µ0) ≈ 1 kPa.
These rough estimates lead us to the conclusion that in
the high emissivity region, where most of the secondary
electrons are produced and most of the inelastic collision
processes take place, phot exceeds pB. Therefore locally
the high hot electron pressure represents a reservoir of
free energy, that the magnetic pressure cannot balance.
4If we postulate this free energy to give rise to local elec-
tron deconfinement and enhanced cross field diffusion,
then the streak camera images reported by Ni et al. [8]
can be explained: hot electrons generated at the target,
diffusing across the magnetic field lines and leaving the
magnetic confinement region (still obeying quasineutral-
ity) excite the atoms and ions on their path causing the
observed trail of emission.
II. EXPLANATION OF SHARP EMISSION
CUTOFF
We postulate the sharp emission cutoff to be a con-
sequence of gas rarefaction and suppressed secondary
electrons production. Localized sputtering processes will
yield a large number of target atoms. These atoms are
ionized and accelerated back to the target, sputtering the
target material and generating additional secondary elec-
trons. The transit time over a point on the racetrack of
a spoke is about one µs, as shown in Figure 3. The time
needed to an Ar or Al ion to be accelerated from dis-
tance of 1 mm to the target by an electric field of ≈ 104
V/m [11] is around 250 ns. Therefore, several sputter-
ing cycles can be expected to take place within a single
spoke. Assuming half of the discharge current to be dis-
tributed only in the spoke, it is reasonable to expect that
abundant sputtering would result in the depletion of Ar
neutrals in the target vicinity, i.e. Ar gas rarefaction by
sputtering wind [12], [13]. The gas rarefaction will locally
change the composition of the impinging flux from an Ar
dominated to an Al dominated flux, which in turn will
hinder the secondary electron production. Energy con-
servation principles prevent singly charged Al ions from
generating secondary electrons: the ionization energy of
an Al atom (5.98 eV) should be bigger than two times
the electron work function of the sputtering target (4.16
eV), which is not the case [14]. This means that only
secondary electrons generated during the Ar dominated
impinging flux at the beginning of the spoke contribute to
ionization and excitation of particles in that same spoke.
Excitation and resulting emission will diminish once the
energetic electrons reach the open magnetic field lines.
Transition to the open magnetic field lines and lack of
additional energetic electrons due to an Al dominated
impinging flux results in the sharp edge observed in the
emission contour (Figure 2d). The already mentioned re-
sults with the streak camera reported in ref. [8] agree well
with the postulate that localized gas rarefaction, and in-
ability of singly charged metal ions to generate secondary
electrons, result in a sharp emission edge.
III. PLASMA EMISSION SHAPES
Figure 2 shows different shapes of the spoke. We
argue that this characteristics can be explained based
on the different ionization potentials. Even though
singly charged metal ions cannot generate secondary
electrons, doubly charged ions have sufficiently high
ionization energy to generate secondary electrons. If
the doubly charged ionization potential is low enough,
then there is a good probability to generate a sufficient
amount of doubly charged ions that will contribute
in production of secondary electrons. However, the
secondary electron generation would continue during the
transit of the ionization region with reduced efficiency:
indeed the energy required to produce a double charged
ion is the sum of the first and the second ionization
potentials, and these double charged ions present a
reduced secondary electron yield. For instance, γ is
0.08 for Ti2+ impinging on a Ti target, compared to
0.12 for Ar+. These secondary electrons will excite and
ionize the species resulting in a continuous emission
(i.e. without forming a sharp edge), but with dimin-
ishing intensity due to the already mentioned reduced
secondary electron generation efficiency. To address
this hypothesis, we measured the plasma emission in a
single spoke condition, using a fast ICCD camera for 6
elements with different second ionization potentials as
shown in Figure 2. The results show that the emission of
elements having lower ionization potential then Ar has
a diffuse shape, while the emission of elements having
higher ionization potential then Ar have a triangular
shape with a sharp edge. These results agree reasonably
with the hypothesis that low second ionization potential
would result in a diffusely shaped emission, due to the
prolonged secondary electron production.
In this contribution we postulate a model to describe the
observed light inhomogeneities in the HiPIMS discharge,
based on the localization of the discharge current. This
results in a localized secondary electron generation,
which in turn leads to an anomalous diffusion across the
magnetic field lines. The anomalous cross field diffusion
results from the electron deconfinement due to the
pressure of energetic electrons exceeding the magnetic
pressure. The localization of the ion production and the
anomalous electron diffusion has been detected using
a double flat probe correlated with a light emission
signal. Consequences of the current localization are gas
rarefaction and anomalous electron diffusion. These
in turn result in a triangular shaped light emission
with sharp cut off, for elements with second ionization
potential higher than the Ar ionization potential; and
in a diffuse shaped light emission, for elements with
second ionization potential lower than the Ar ionization
potential.
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